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Abstract.  Soybean (Glycine max [L.]  Merr.  cv. Man- 
darin)  root cells (SB-1 cell line) grown in suspension 
culture containing  Glycyl-Arginyl-Glycyl-Aspartyl- 
Seryl-Proline (GRGDSP) (0.25 mg/ml),  a  synthetic 
peptide containing the RGD sequence found in many 
extracellular matrix adhesive proteins,  demonstrated 
(a)  significantly enhanced growth rate, and (b) aber- 
rant cell wall/plasma membrane interactions and orga- 
nization.  Substitution of the Asp (D) by a Glu (E) 
amino acid in the hexapeptide,  or inversion of the 
RGD sequence to GDR, abolished the morphological 
and growth effects observed for GRGDSP in plant 
cells.  Immunoblots, which were prepared from 
~-octylglucoside extracts of whole soybean cells and 
protoplasts, probed with polyclonal antibodies raised 
against human vitronectin receptor (hVNR) complex, 
demonstrated a single band with an apparent molecu- 
lar mass of r  2 kD.  Chromatography of/3-octyl- 
glucoside ex~-  .s of SB-1 cells on a  Gly-Arg-Gly-Asp- 
Ser-Pro-Lys-Se ,harose affinity column demonstrated 
the retention o  a  single 70-72 kD polypeptide that 
reacted specifically with anti-hVNR antiserum.  In con- 
tradistinction,  no cross-reactivity was observed with 
antifibronectin receptor antiserum.  Epifluorescence mi- 
croscopy of whole soybean cells, after moderate treat- 
ment with pectinase, demonstrated punctate fluorescent 
patches at the cell membrane/wall boundary when 
probed with anti-hVNR and rhodamine-derivatized  sec- 
ondary antibodies.  We propose that coordination and 
control of plant cell division and proper cell wall bio- 
synthesis may be mediated by an RGD-dependent rec- 
ognition system in which RGD binding protein(s) pro- 
mote cell membrane-cell wall attachment. 
T 
HE attachment of anchorage-dependent  animal cells to 
extraceUular  matrix  (ECM) 1 is principally  mediated 
by divalent cation dependent cellular recognition events 
between a class of plasma membrane receptors,  collectively 
termed integrins  (20, 44), and a family of ECM-localized 
adhesive glycoproteins,  such as fibronectin  and vitronectin 
(17, 21). A  general  feature  of these interactions  is  that  a 
number of integrins isolated from various normal and trans- 
formed cell  lines  can recognize the amino acid sequence 
Arg-Gly-Asp (RGD), which has been demonstrated to be a 
single or multiple unit in the polypeptide chains of fibronec- 
tin (37, 39), fibrinogen (15, 40), collagen (11), vitronectin  (9, 
41, 51), and von Willebrand  factor (9, 15, 40). Synthetic pep- 
tides containing the RGD sequence can competitively inhibit 
the interaction  between integrins  and the RGD containing 
glycoproteins isolated from ECM (37-39). This specific rec- 
ognition  between cell and ECM has been implicated  in cell 
migration  (2, 7), transmembrane signaling events (44), dif- 
ferentiation  (25, 44), and response to hormones and growth 
factors (22, 44). In transformed cells, integrins and their gly- 
coprotein ligands may play a significant role in metastatic cell 
1. Abbreviations used in this paper: ECM, extracellular matrix; hVNR, hu- 
man vitronectin receptor. 
migration  (19, 26, 44). It is clear that for tissue-forming  ani- 
mal cells,  plasma membrane attachment  to a collagen/pro- 
teoglycan  composite is essential  for cell organization  and 
growth (16, 17, 20, 21, 44). This principle of membrane at- 
tachment to carbohydrate composite surfaces containing pro- 
teins  and anionic  polysaccharides would also appear to be 
relevant in discussions of the growth and proliferation  of cell 
wall containing  organisms  such  as bacteria and plants.  In 
bacteria, membrane-cell wall interactions have been consid- 
ered vital for the proper control and coordination of cell divi- 
sion (23). Indeed, morphologically distinct attachment  sites 
between the cytoplasmic  membrane and outer membrane/ 
cell wall of gram-negative  bacteria, termed zones of adhe- 
sion, have been suggested to be structures  which are vital for 
cell biosynthesis and growth (5, 6). Plants, in a similar func- 
tional manner,  must finely coordinate cell wall growth with 
cell division for proliferation  (30,  32, 45).  Enzymatic re- 
moval of plant cell wall results in a protoplast that apparently 
undergoes  limited nuclear division but not cytokinesis  (30, 
32, 45). As with bacteria, plasmolysis of plant cells demon- 
strates points of continued attachment between plasma mem- 
brane sites and the cell wall. Examples of such plasmolyzed 
cells may be observed in  the general  botanical  literature. 
Taken together,  these observations may reflect  a  common 
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crossing the evolutionary boundaries between procaryotes 
and eucaryotes, namely a requirement for plasma membrane 
attachment to a custom synthesized carbohydrate composite 
secreted by the individual cell types. Recent reports demon- 
strating proteins containing potentially active RGD attach- 
ment sequences in bacteria (37, 38) and the possible impor- 
tance of such sequences for parasite  invasion (42),  slime 
mold aggregation (13, 50), Drosophila embryonic develop- 
ment (25), and a report of a fibronectin-binding protein from 
Staphylococcus aureus (12) are, indeed, suggestive of a gen- 
eral membrane-wall-matrix recognition principle that may 
transcend species and kingdoms. In this context, the present 
communication examines the possibility that an RGD recog- 
nition system exists in higher plants that may play a role in 
the attachment of plasma membrane to cell wall. It is further 
suggested that this attachment may have significant conse- 
quences  for cell growth.  The data presented provide evi- 
dence that synthetic peptides containing the RGD sequence 
induce dramatic  morphological and proliferative changes 
when introduced into growing suspension cultures of soy- 
bean (Glycine max [L.] Merr. cv. Mandarin) root cells (SB-1 
cell line). These RGD-mediated proliferative changes appear 
to be mediated by a 70-72-kD polypeptide localized to the 
plant cell membrane/wall interface and isolated in/3-octyl- 
glucoside extracts of soybean cells.  Immunological cross- 
reactivity was observed between this 70-72-kD polypeptide 
and human vitronectin receptor (hVNR),  providing a basis 
for the suggestion that RGD binding proteins exist in higher 
plants. 
Materials and Methods 
Reagents 
GRGDSPC, GRGDSE GRGESE GRGDSPK, and SPGDRG peptides were 
custom synthesized by Dr.  M.  Pierschbacher (La Jolla Cancer Research 
Foundation, La Jolla, CA). Analysis for purity was performed by HPLC 
and mass spectral analysis at the Michigan State University National Insti- 
tutes of Health Regional Mass Spectrometry Facility.  To insure that these 
peptides were nontoxic for cell growth, an attachment inhibition assay was 
performed with BALB/3T3  fibroblasts, as previously described for Normal 
rat kidney cells, ~  immobilized fibronectin (37). Under conditions in which 
inhibition of attachment was observed, the cells were still viable as detected 
by exclusion of trypan blue. Anti-hFNR was a gift from Dr. E. Ruoslahti 
(La Jolla Cancer Research Foundation). 
Cell Culture and Microscopic  Analysis 
Soybean (Glycine max [L.] Merr. cv. Mandarin) root cells (SB-1 cell line) 
were cultured for 20-72 h in IB5 medium (18, 29) in the absence or pres- 
ence of the synthetic peptides (1/~g/ml-I  mg/ml of medium). Samples to be 
viewed under epifluorescent illumination were stained with rhodamine 123 
(10/~g/ml for 10 rain before viewing), a membrane potential fluorescent dye 
that accumulates in mitochondria (24).  As previously demonstrated (24, 
53), rhodamine 123 is a vital stain for plant and animal cells. Cell wall de- 
velopment in growing cells was examined with the dye Calcofluor, a fluores- 
cent stain specific for polysaccharides with/3(1-4) linkages such as cellulose 
and chitin (27, 35). Samples of cells were stained with 0.1% Calcofluor in 
0.4 M sorbitol for 1 min and then viewed with epifluorescent illumination 
(29). All phase and fluorescence analysis was performed on a epifluores- 
cence microscope (E. Leitz, Inc., Rockleigh, N.I). 
Proliferation Analysis 
Cell proliferation was assayed in the following manner. An aliquot of cells 
in a constant volume (200 ~tl) was added to a tarred 1.5 ml tube (Eppendorf 
tubes made by Brinkmann Instruments, Inc., Westbury,  NY) and the wet 
weight determined. Dry weights were obtained after dehydration of a con- 
stant volume of cells in tarred 1.5 ml tubes (Eppendorf  tubes made by Brink- 
mann Instruments, Inc.). RNA and DNA content of cells in a constant vol- 
ume was determined as described (8, 34). All time point weight measure- 
ments were in triplicate. Variability  between samples for both wet weight 
and DNA deterr~ninations never exceeded 15%. 
Isolation and Analysis of  Arg-Gly-Asp Binding Protein 
from SB-I Cells 
Protoplasts were prepared from intact SB-1 cells as previously described 
(28, 29). 20 ml of packed protoplasts were solubilized with 10 ml of ethanol 
followed by addition of 20 ml of 200 mM octyl-/~-glucoside (Calbiochem- 
Behring Corp., San Diego, CA) in PBS, pH 7.2, containing 1 mM CaCI2, 
1 mM MgCI2, and 3 mM PMSE The ethanol was removed by evaporation 
under a nitrogen stream. The extraction was allowed to take place for 30 
rain at 4°C, after which insoluble cell debris was pelleted at 15,000 g. The 
supernatant was applied to a  10-ml  column containing Gly-Arg-Gly-Asp- 
Ser-Pro-Lys-Sepharose (20 mg peptide/ml Sepharose) and allowed to bind 
overnight at 4°C. The column was washed with •50-column  volumes of 
PBS containing 50 mM octyl-B-glucoside and eluted with the same buffer 
containing 0.1  mg/ml Gly-Arg-Gly-Asp-Ser-Pro. The eluted material was 
concentrated ,x,10-fold by  centrifugation through Centracon  membranes 
(Amicon Corp., Danvers, MA) and examined by SDS-PAGE on 7.5% poly- 
acrylamide gels stained with Coomassie blue or immunoblots probed with 
anti-hVNR antiserum or anti-hFNR antiserum (1:100 dilution for immuno- 
blots). Transfer of SDS-PAGE gels to nitrocellulose was performed as de- 
scribed (52). 
lmmunofluorescence Localization 
Soybean cells were grown in liquid cell suspension in 1B5 medium (18, 29) 
for 48 h. Cell walls were permeabilized by the addition of 0.1 mg/ml pec- 
tinase for 15 min at room temperature (3). Plasmolyzed cells were prepared 
by transferring the pectinase treated cells from 1B5 medium to modified 
Gamborg buffer containing sorbitol (0.4 M) and glucose (0.17 M). The pres- 
ence of the 70-72-kD polypeptide was detected by indirect immunofluores- 
cence, using rabbit anti-hVNR antibody and rhodamine conjugated goat 
anti-rabbit IgG as primary and secondary antibodies, respectively. Preim- 
mune serum was used as primary antibody in control experiments. 
Results 
Morphological Analysis of  Soybean Cells Grown in the 
Presence of  RGD Peptides 
Soybean (Glycine max [L.] Merr. cv. Mandarin) root cells 
(SB-1 cell line) were cultured for 20 h in  1B5 medium in 
the absence or presence of either GRGDSP, GRGESE or 
SPGDRG synthetic peptides to examine morphological ef- 
fects.  Samples  stained with rhodamine  123, a  membrane 
potential fluorescent dye and vital stain that accumulates in 
mitochondria (24,  53), were viewed using both phase con- 
trast optics and epifluorescent illumination (Fig. 1). Stained 
mitochondria served to highlight the cytoplasmic compart- 
ment.  Fig.  1,  A and B,  represent phase and fluorescence 
views of' SB-1 cells grown in 1B5 medium for 20 h without 
peptides. Mitochondrial labeling was observed at the cellular 
periphery, in cytoplasmic strands, and in the cytoplasm sur- 
rounding the nucleus (Fig. 1 B). Addition of up to 1 mg/ml 
GRGESP to growth medium followed by incubation for 20 h 
did not result in detectable changes in cell morphology or 
in the mitochondrial pattern of staining (Fig.  1, C and D). 
Addition of the peptide SPGDRG (0.5 mg/ml) to the growth 
media also failed to produce any alterations in cell morphol- 
ogy (data not shown). In contrast, incubation of cells with 
0.25 mg/ml GRGDSP for 20 h resulted in major morphologi- 
cal changes observed in >90% of the cells and represented 
in Fig.  1, E-H. A  population of SB-1 cells demonstrated 
The Journal  of Cell Biology,  Volume 108, 1989  1956 Figure 1. Microscopy of soybean (SB-I cell line) cells cultured for 20 h in IB5 medium in the absence and presence of GRGDSP or GRGESP 
synthetic peptides (peptides were custom synthesized by Dr. M. Pierschbacher, La Jolla Cancer Research Foundation, La Jolla, CA). Sam- 
ples stained with rhodamine  123  (10/~g/ml media) for 1 min were viewed using phase-contrast optics and epifluorescent illumination. 
Magnification is 1200 for each figure. Phase and fluorescent views of SB-1 cells are shown in the absence of peptides (A and B); in the 
presence of 0.25 mg/ml GRGESP (C and D); and in the presence of 0.25 mg/ml GRGDSP (E-H). Arrows indicate plasma membrane/wall 
contact areas (A, B, E, and F) or plasma membrane dissociated from wall (G and H).  Bar, 5 #m. 
Schindler et al. RGD and Plant Development  1957 Figure 2. Microscopy of SB-1 cells cultured for 20 h under plasmolyzing conditions in modified Gamborg buffer (0.4 M sorbitol, 0.17 M 
glucose) in the absence and presence of GRGDSP or GRGESP synthetic peptides and then transferred back to 1B5 medium. Samples were 
stained with rhodamine 123 (10/zg/ml  media) for  1 rain and viewed using phase-contrast  optics and epifluorescent  illumination. Phase 
and fluorescent views of plasmolyzed  SB-1 cells are shown in the absence of peptides (.4 and B); in the presence of 0.5 mg/ml GRGESP 
(C and D); and in the presence of 0.25 mg/ml GRGDSP (E-H). Arrows indicate plasma membrane/wall  contact areas (A-D) and retracted 
plasma membrane (E-H). Bar, 5 #m. 
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Figure 3. Growth curves of SB-I cells grown in the absence and 
presence of synthetic peptides. Both wet weight (B, e) and DNA 
content (n, o) were examined. Cells were cultured in IB5 medium 
in the absence of peptides (A); in the presence of SPGDRG (0.5 
mg/ml), a peptide containing the R, G, and D amino acids, but in 
an altered sequence (,,, [3); and in the presence of GRGDSP (0.5 
mg/ml) (e, o). Wet weight was used to evaluate growth and was 
determined in the following  manner: 200-/.1 aliquots were removed 
from actively growing  cultures (10 ml) and weighed  in tarred 1.5-ml 
tubes (Eppendorf tubes made by Brinkmann Instruments, Inc.). 
Each point consists of the average of three samples. DNA content 
at select time points was obtained as described (8, 34) and consists 
of the average of three samples. Variability between samples for 
both wet weight and DNA determinations never exceeded 15%. 
aberrant cell wall organization as indicated in Fig. 1, E and 
F by random and incomplete cell wall formation in a giant 
cell. The cytoplasm was disorganized with extensive vacuoli- 
zation. Another major structural abnormality observed in 
many cells was a detachment of the plasma membrane from 
the cell wall,  resulting in unattached cytoplasmic masses 
within rigid cell walls (Fig.  1,  G and H).  Some of these 
structural rearrangements in cells grown in the presence of 
GRGDSP could first be observed at a concentration of 1 pg/ 
ml  (data not shown),  approximately in  the concentration 
range at which this peptide was shown to inhibit normal rat 
kidney cell attachment to fibronectin (38). 
To more clearly examine effects on plasma membrane- 
wall attachment, cells were grown under mild conditions of 
plasmolysis for 20 h in modified Gamborg buffer containing 
sorbitol (0.4 M) and glucose (0.17 M).  Fig.  2  (A and B) 
shows phase and fluorescent views of control cells labeled 
with rhodamine 123, while Fig. 2 (Cand D) provides corre- 
sponding views of cells containing 0.5 mg/ml GRGESP. The 
conditions of plasmolysis enhance the visualization of cyto- 
plasmic strands; the cytoplasm surrounding the nucleus and 
at the cellular periphery is heavily stained with rhodamine 
123  (suggesting  mitochondrial  localization).  In  contrast, 
cells grown under plasmolyzing conditions in the presence 
of GRGDSP (0.25 mg/ml) show collapsed cytoplasmic struc- 
tures within a  rigid cell wall in greater than 80%  of the 
walled cell structures viewed (Fig. 2 E), indicating a loss of 
plasma membrane attachment to the cell wall as observed in 
Fig. 1 G under nonplasmolyzing conditions. Although stain- 
ing with rhodamine 123 was apparent, neither labeling of  pe- 
ripheral cytoplasm nor the presence of cytoplasmic strands 
could be clearly delineated (Fig. 2 F).  Many cells grown 
under plasmolyzing conditions in the presence of GRGDSP 
(0.25  mg/ml) demonstrated multiple spherical  bundles of 
protoplast-like structures of different sizes within a rigid cell 
wall (Fig. 2 G). These multiple membrane-bound structures 
were labeled with rhodamine 123 (Fig. 2 H) and could be 
observed as early as 4 h after growth initiation. 
Proliferation of  Cells in RGD Peptide-Containing 
Media 
To examine whether the RGD-containing peptide affected 
cell proliferation or viability, a growth curve was established 
for cells grown in the absence or presence of GRGDSP (0.5 
mg/ml) (Fig. 3). Growth was also monitored for cells grown 
in  the  presence  of  the  synthetic  peptide  SPGDRG  or 
GRGESP (0.5 mg/ml). The growth curves in Fig. 3 moni- 
tored by wet weight indicate that cells grown either in the ab- 
sence or presence of SPGDRG or GRGESP had normal dou- 
bling times of "~ 24-26 h. In marked contrast, these same 
cells cultured in the presence of GRGDSP had grown to 3--4 
times their starting weight during this 24-26-h  period of 
analysis. Supplementary analysis of DNA content for select 
points, and RNA content (data not shown) demonstrated a di- 
rect correspondence between the observed increase in wet 
weight and the  increase  in nucleic acids,  suggesting wet 
weight measurements  were  an  accurate  reflection of en- 
hanced mass rather than cell enlargement. In examining this 
transient proliferative burst, it is important to point out that 
the  RGD-induced  protoplast-like  structures  observed  in 
Figs.  1 and 2  are more appropriately termed pseudopro- 
toplasts. Although not associated with a rigid wall, they do 
have a cellulosic component at their surface that stains with 
Calcofluor (Fig. 4 D).  Similar pseudoprotoplast structures 
have previously been demonstrated to divide (14, 30-32, 
45).  Such  divisions appear  to  more  resemble  a  budding 
process, as suggested by Meyer and Abel (31), rather than 
turgor-mediated expansion. These results also imply that the 
impairment of normal plasma membrane/cell wall organiza- 
tion, observed in Figs. 1 and 2, for SB-1 cells cultured with 
GRGDSP did not slow down or halt cell proliferation; in 
fact, an opposite correlation is observed. 
Growth of  SB-1 Soybean Cells in Medium Containing 
RGD Peptides  Affects Cell Wall Organization 
Considering the enhanced proliferation observed when soy- 
bean cells were grown in GRGDSP-containing medium (Fig. 
3) and the apparently aberrant rigid cell wall organization 
noted in Figs.  1 and 2, a direct examination of the state of 
cell wall was initiated using the fluorescent/3(1-4)glucan- 
specific stain Calcofluor (27, 35)  (Fig. 4).  Mildly plasmo- 
lyzed soybean cells (18) were stained with Calcofluor and 
visualized using phase and fluorescence microscopy. As ob- 
served under phase microscopy, the cells have a normal ap- 
pearance (Fig. 4 A) with uniform Calcofluor staining (Fig. 
4 B) throughout the cell. More intense staining was observed 
at the division sites between cells (Fig. 4 B). In contrast, 
cells grown in the presence of GRGDSP again demonstrated 
apparent plasma membrane separation from any contact with 
cell wall (Fig. 4  C) and, of particular interest, little wall 
localized Calcofluor staining (Fig. 4 D). Instead, staining ap- 
pears punctate on the plasmolyzed protoplast surface (Fig. 
4 D). It would appear that the organization and synthesis of 
Schindler et al. RGD and Plant Development  1959 Figure 4. Microscopy of SB-I cells after 20 h of growth in the absence and presence of GRGDSP and resuspension in modified Gamborg 
buffer (0.4 M sorbitol, 0.17 M glucose).  Samples were stained with 0.1% Calcofluor in 0.4 M sorbitOl for 1 min.  Phase and fluorescent 
views of  plasmolyzed SB-1 cells are shown that were grown in the absence of peptide (A and B) and in the presence of  0.25 mg/ml GRGDSP 
(C and D).  Arrows indicate plasmolyzed cells (A and C) and Calcofluor cell wall staining (B and D). Bar, 5 #m. 
the cellulose component of cell wall is considerably affected 
by GRGDSP. Growth of cells in GRGESP or SPGDRG pep- 
tides  demonstrated  Calcofluor  staining  indistinguishable 
from control cells (data not shown). The morphological and 
growth data taken together provide evidence that the plant 
cell membrane/cell wall organization and development are 
severely disrupted when plant cells are grown in the presence 
of RGD-containing peptides. A concomitant enhancement of 
nuclear division and proliferation is found to occur. 
Figure 5.  Immunological analysis of anti-rat liver connexin anti- 
body binding to samples resolved by SDS-PAGE (acrylamide com- 
position  12.5%) and transferred to nitrocellulose (400 mA for 90 
rain).  Samples were diluted  1:1  (vol/vol) with/3-mercaptoethanol 
sample buffer and were allowed to stand 30 min at room tempera- 
ture. Primary antibody was employed at a l:100 dilution. Antibody 
binding was detected here and elsewhere using alkaline phospha- 
tase-conjugated  goat  anti-rabbit IgG (Sigma  Chemical  Co.,  St. 
Louis, MO) according to the manufacturer's instructions. The lanes 
contained conditioned media grown in: (lane A) the absence of syn- 
thetic  peptides;  (lane B) the presence  of 0.25 mg/ml  GRGESP; 
(lane C) the presence of  0.25 mg/ml GRGDSPC; (lane D) the pres- 
ence of 0.25 mg/ml GRGDSPK. Lanes E and F contained soybean 
and rat liver connexin fraction,  respectively. 
RGD-Mediated Release of  Soybean Connexin from 
SB-1 Cells 
Previous reports from our laboratory provided evidence for 
the existence of a rat liver connexin homologous polypeptide 
located  at  the  plasma membrane/cell  wall  interface  (28). 
This polypeptide (soybean connexin) was suggested to be an 
element of a  putative soybean connexon that can form the 
trans-wall structure termed the plasmodesma, the putative 
intercellular  communication channel  (4).  In view of their 
suggested localization at the  membrane/wall interface and 
possible sensitivity to perturbations of normal cell wall orga- 
nization,  we pursued  an examination of the  effects of cell 
growth in RGD peptides on soybean connexin integration. 
Fig. 5 shows an immunoblot probed with anti-rat liver con- 
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Arg-Gly-Asp-containing peptide.  A detergent extract from SB-I 
protoplasts was allowed to bind an affinity column consisting of 
Gly-Arg-Gly-Asp-Ser-Pro-Lys-Sepharose  as described in the Mate- 
rials and Methods section. The column was extensively washed and 
individual fractions (1 ml) were collected and concentrated 10-fold 
before (lane 2) and after (lane 3) elution in the presence of soluble 
Gly-Arg-Gly-Asp-Ser-Pro.  Samples (20 ttl) were analyzed by SDS- 
PAGE under nonreducing conditions on 7.5 % polyacrylamide gels. 
Molecular weight was determined based upon the migration of the 
following standards (lane 1 ): myosin, 200 kD;/3-galactosidase, 116 
kD; phosphorylase b, 97 kD; BSA, 67 kD; and ovalbumin, 45 kD. 
nexin  antibody  containing  aliquots  of conditioned media 
from cells grown in the absence of synthetic peptides (Fig. 
5,  lane A), presence of 0.25 mg/ml GRGESP (Fig.  5,  lane 
B), presence of 0.25 mg/ml GRGDSPC (Fig. 5, lane C), and 
the presence of 0.25  mg/ml GRGDSPK (Fig.  5,  lane D). 
Lanes E and F  contain soybean connexin and rat liver con- 
nexin fraction, respectively, isolated as previously described 
(28). Only cells grown in RGD-containing synthetic peptides 
release material that is immunologically cross-reactive with 
anti-rat liver connexin antibody (Fig. 5, lanes C and D). No 
such cross-reactive material is released under normal growth 
conditions (Fig.  5 A) or in  the presence of a  bio-inactive 
GRGESP peptide (Fig. 5 B). The slightly higher migration 
observed for RGD  released anti-rat liver connexin cross- 
reactive material  may be representative of previously ob- 
served shifts  in  migration on reduced SDS-PAGE gels  of 
unboiled samples  (between 27-32-kD) of soybean and  rat 
liver connexin as a result of differing extraction procedures 
(Meiners, S., unpublished results). 
Soybean Cells Contain an RGD Binding Protein 
The morphological and proliferative modifications observed 
for soybean cells grown in the presence of RGD-containing 
peptides suggested that an RGD recognition system based on 
an  RGD binding protein may be involved in plant growth 
and membrane/wall organization. To examine such a possi- 
bility,  detergent  extracts  (/3-octylglucoside) of SB-I  cells 
were allowed to bind to a column of Gly-Arg-Gly-Asp-Ser- 
Pro-Lys-Sepharose that was then washed and eluted with sol- 
uble GRGDSP. This procedure was previously used to iso- 
late the hVNR, an RGD-dependent receptor from human en- 
dothelial and melanoma cells (9,  10) and placenta (41). As 
observed in Fig. 6 (lane 3), a 70-72-kD polypeptide is eluted 
from the column in the presence of the soluble GRGDSP 
peptide (0.1 mg/ml). Before peptide addition, no 70-72-kD 
polypeptide release could be detected (lane 2). In a control 
experiment, an aliquot of the same lysate was allowed to in- 
cubate on a column containing Sepharose alone. In this case, 
the 70-72-kD protein was not retained (data not shown). It 
should, however, be pointed out that, unlike in vivo measure- 
ments demonstrating specific RGD-dependent morphologi- 
cal  and  growth  modifications,  other peptides  of identical 
composition but different sequence are also capable of elut- 
ing the 70-72-kD protein from the affinity matrix. This sug- 
gests that the interaction between the detergent-isolated 70- 
72-kD  protein  and  the  RGD-containing  matrix  is  of low 
affinity. This may not be surprising since the conditions used 
in  this  experiment were optimized for the  isolation of an 
RGD-containing receptor from human, not plant, cells (41) 
that may, to some extent, adversely affect the plant protein 
affinity. 
Immunological Recognition of the SB4 70-72-kD 
Polypeptide by an Antibody Directed to the 
f3 Subunit of  a Member of the Integrin Family of 
Cell Adhesion Receptors 
To determine whether  SB-1 cells  contain  a  molecule im- 
munologically related to a member of the integrin family of 
cell adhesion receptors that are expressed by a wide variety 
of  animal  cells,  immunoblotting  experiments  were  per- 
formed. Both total SB-1 cell iysates and the RGD affinity- 
purified protein were analyzed on nonreduced SDS-PAGE 
gels that were transferred to nitrocellulose and probed with 
polyclonal antisera directed to the human fibronectin or vitro- 
nectin receptors. As shown in Fig. 7, the antiserum directed 
to the VNR recognized a 70-72-kD band in the total cell ly- 
sate (lane 1) and in the material eluted from the RGD affinity 
column (lane 2).  This antisera primarily recognizes the/3 
subunit of the vitronectin receptor isolated from human pla- 
centa (lane 3).  The purified placental vitronectin receptor, 
shown in lane 4, is visualized by Coomassie blue stain and 
demonstrates the ct and/3 chain.  These immunological re- 
sults were mimicked by monospccific antibody to the/3 sub- 
unit of hVNR  (Meiners,  S.,  unpublished  results,  data not 
shown).  Monospecific antibody was prepared as described 
(47). In contrast, polyclonal antisera directed to the fibronec- 
tin receptor failed to recognize the SB-1 proteins (lanes 5 and 
6)  or the  purified vitronectin receptor (lane  7),  although 
specifically reacting  with  the  fibronectin receptor from a 
number of cultured human cell lines (data not shown). 
Immunolocalization of 70- 72-kD Polypeptide in 
Soybean Cells 
To examine the  cellular  localization of the  putative plant 
RGD binding protein (70-72-kD polypeptide), anti-hVNR 
antiserum,  in conjunction with rhodamine-labeled second- 
ary antibody, were utilized. Whole cells were labeled as de- 
scribed in Methods and viewed using phase and epifluores- 
cent optics. Figs. 8, A and B, are phase and fluorescent views 
of whole  cells,  respectively,  labeled  with  anti-hVNR  and 
rhodamine-labeled secondary antibody. Little fluorescence 
is observed with the intact cell wall (Fig. 8 B). This is com- 
parable to the control with preimmune serum (Fig. 8 D). Fig. 
8 C is the phase view of the preimmune control. In stark con- 
Schindler et al. RGD and Plant Development  1961 Figure 7. Immunoblots of B3-related protein in SB-1 soybean cells. 
Extracts of SB-1 cells (lanes I and 5, ,~75 ~tg/lane), GRGDSP eluted 
material (lanes 2 and 6, ~1/~g/lane), and intact placental vitronec- 
tin receptor (VNR) (lanes 3, 4, and 7, "~2 #g/lane) were separated 
by SDS-PAGE under nonreducing conditions, transferred to Im- 
mobilon (Millipore Continental Water Systems, Bedford, MA) and 
probed with anti-VNR antiserum (lanes 1-3)  or anti-fibronectin 
receptor (FNR) antiserum (lanes 5-7). The total VNR (lane 4) was 
visualized by Coomassie blue  staining of the Immobilon mem- 
brane. Arrows marked the relative molecular masses based on the 
migration of standards as shown in Fig. 5. 
trast, when cells are mildly treated with pectinase to enhance 
antibody  accessibility  across  the  cell  wall  (3),  punctate 
patches of strong fluorescence are observed at the cellular 
periphery (Fig. 8 F), particularly at the cell wall/membrane 
interface. The phase view of these cells demonstrates that the 
pectinase treatment does not alter overall cellular morphol- 
ogy (Fig.  8 E). Fig.  8, G and H, represent the preimmune 
control  of pectinase-treated cells.  A  background  level  of 
labeling of cells is observed (Fig.  8  G). To further pursue 
localization, cells were plasmolyzed and then treated with 
pectinase (Fig. 9 A). Strong plasma membrane fluorescence 
was  observed following labeling with anti-hVNR and fluo- 
rescent secondary antibody, providing good evidence that 
the 70-72-kD polypeptide is predominantly located in the 
plasma membrane (Fig.  9 B).  Plasmolyzed and pectinase- 
treated cells (Fig. 9, Cand D) labeled with preimmune serum 
demonstrated no fluorescence (Fig. 9 D). It was also deter- 
mined by immunoblot analysis that no cross-reactivity exists 
between pectinase and anti-hVNR (data not shown). It is in- 
teresting to note that a membrane localized randomization of 
the 70-72-kD antigen may occur after plasmolysis and cell 
membrane/wall detachment (compare Fig.  8 F  and 9 B). 
Discussion 
RGD-dependent cell adhesion constitutes a versatile recog- 
nition system providing cells with  anchorage,  traction for 
migration, signals for polarity, position, differentiation, and 
possibly growth (44). Except for the process of  cellular loco- 
motion, this description may equally well define the role of 
Figure 8. Fluorescence immunolocalization of 70-72-kD polypeptide in soybean cells. Cells were treated with rabbit anti-hVNR antiserum 
(A, B, E, and F) or preimmune serum (C, D, G, and H) followed by rhodamine-conjugated goat anti-rabbit immunoglobulin (Boehringer 
Mannheim Biochemicals, Indianapolis, IN). A-D represent phase and fluorescent views of SB-1 cells, while E-H represent phase and 
fluorescent views of SB-1 cells after cell wall permeabilization by 0.1 mg/ml pectinase (4). Bar, 5 #m. 
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of 70-72-kD polypeptide in plasmolyzed soy- 
bean cells. Cells  were treated with  rabbit 
anti-hVNR antiserum (A and B) or preim- 
mune serum (C and D) followed by rhoda- 
mine conjugated goat anti-rabbit  immuno- 
globulin. Cell walls were permeabilized by 
pectinase and plasmolyzed in modified Gam- 
borg buffer (0.4 M sorbitol, 0.17 M glucose). 
Bar, 5 #m. 
cell wall in the growth and development of plant cells and 
also bacteria. A simple comparison of the biochemical and 
physical properties  of ECM  (16) and plant  cell  walls  (1) 
demonstrates compositional and organizational relatedness. 
The plasma membrane-ECM interactions vital for anchor- 
age-dependent growth in animal cells may be representative 
of mechanistic and structural antecedents in plant cells. Struc- 
tures facilitating interactions between plant membrane and 
cell wall for the integration and coordination of cytoplasmic 
and nuclear division with cell wall growth may have evolved 
to control similar types of cooperative activity between ani- 
mal cell membrane and ECM. Anchorage-dependent growth 
in this manner could be considered a common requirement 
for animals and plants. Morphological evidence presented in 
this study finds a direct correlation between the requirement 
for the RGD sequence in synthetic peptides and their disrup- 
tive influence on control and coordination of normal cell 
wall/plasma membrane organization and development dur- 
ing growth. This is demonstrated by RGD peptide specific: 
(a) plasma membrane detachment from cell wall; (b) gross 
morphological disorganization of cell wall; (c) radically al- 
tered  distribution of cellulose  as  observed  by  Calcofluor 
staining; (d) release of soybean connexin during growth; and 
(e)  significantly enhanced proliferation. 
Evidence that these RGD-related phenomena are a result 
of the existence and activity of a plant RGD binding protein 
may be suggested for the following reasons: (a) by analogy 
with animal cells, RGD peptides may interfere with the phys- 
ical coupling of plasma membranes to adhesive glycopro- 
teins containing the RGD sequence; no other RGD-related 
intracellular mechanisms have been reported; (b) immuno- 
logical  cross-reactivity  has  been  observed  between poly- 
clonal anti-hVNR (recognizing the B3 subunit in VNR and 
platelet adhesion receptor GPIIb/IIIa; [40]) and a 70-72-kD 
polypeptide extracted from soybean plasma membrane; (c) 
a 70-72-kD polypeptide cross-reactive with anti-hVNR anti- 
body is retained on a GRGDSPK-Sepharose column; (d) im- 
munolocalization demonstrates that the 70-72-kD polypep- 
tide is found in patches at the cell wall/membrane interface 
and is predominantly a component of the plasma membrane; 
and (e) recent work demonstrates the presence in soybean 
seeds of low molecular weight polypeptides showing a fibro- 
nectin-related stretch of sequence containing RGD (36) that 
could serve as ligands in the cell wall for plasma membrane- 
localized plant RGD binding protein(s). 
At present,  it is  not clear whether the SB-1 cell E-like 
subunit is part of a heterodimeric complex, as observed for 
members of the integrin family of adhesion receptors in ani- 
mal cells. Although our RGD affinity experiments failed to 
demonstrate the presence of any other polypeptide, it is pos- 
sible, once solubilized, they easily dissociate. It is conceiv- 
able that the 70-72-kD plant protein is similar to a 68-kD 
Schindler et al. RGD and Plant Development  1963 RGD binding  protein  from  the  slime  mold Dictostelium, 
which also undergoes RGD-dependent adhesive interactions 
(13). However, our anti-VNR antibody did not react with the 
Dictostelium protein  (Springer,  W.,  personal  communica- 
tion). 
Attachment Mediated Control of Growth: 
An Evolutionary Argument 
Although plasma membrane/wall associations in plant cells 
are clearly observed after plasmolysis, no literature appears 
to exist examining  the  mechanism  or role of such  attach- 
ments.  Such  membrane/wall  associations  have,  however, 
been extensively explored in bacteria.  In fact, an essential 
element  in  the  theory  for  bacterial  growth  as  initially 
presented by Jacob (23) is the integration of the processes of 
DNA  replication,  cell wall biosynthesis,  and cell division 
through a physical linkage of DNA to the cell wall, presum- 
ably through the intervention  of the cytoplasmic membrane. 
Subsequent experiments have demonstrated  the controlling 
influence of cell wall biosynthesis on the organization of bac- 
terial cell shape and growth (33, 49), and the assembly and 
maintenance of polar surface structures.  This latter aspect is 
most dramatically  represented by flagellum and phage recep- 
tor site polar localization (46,  48).  The molecular mecha- 
nism of coordination between wall and plasma membrane 
has  remained elusive.  Recent reports  have demonstrated  a 
fibronectin binding molecule in S. aureus (12), while we ob- 
served that immunoblots of detergent  extracts  from Esche- 
richia  coli  (K-12)  and  Saccharomyces  cerevisiae  (baker's 
yeast), probed  with anti-hVNR  antibody,  demonstrated  sin- 
gle bands in the 70-80-kD region (Meiners, S., unpublished 
results).  Such immunologically related integrin type homo- 
logues may be elements of membrane wall attachment mech- 
anisms in bacteria  and yeast serving as elements of the ob- 
served  zones of adhesion  between plasma  membrane and 
wall (5, 6). It may be suggested that the phenomena of cyto- 
plasmic membrane-wall associations in bacteria,  cell wall- 
plasma membrane interactions  in plants,  and integrin-ECM 
attachment  in  animal  cells  are  all  mechanistically  linked 
through a common requirement for membrane attachment to 
an organized complex polysaccharide proteoglycan polymer 
that serves to promote coordination of unified cellular com- 
partmental  growth.  This  attachment  may  also  function to 
project  such intracellular  organization  and communication 
to the more complex cell-cell level. 
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